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Abstract 
Coarse particle (typically more than 100 micrometers in diameter) flotation is adversely influenced by liquid motion resulting 
from energy input associated with mixing of the gas and solid phases. In particular, the collected particles can become detached 
from the bubble as the particle-bubble aggregate passes through regions of different turbulent levels. The dynamics of particle-
bubble-turbulence interaction is almost impossible to visualize within a real flotation environment as the phases are in constant 
motion which changes with time and position. To study the phenomenon of the particle bubble detachment process the problem 
was mimicked in such a way as to have a bubble detaching from a stationary 3 mm diameter steel particle in the turbulent field. A 
bubble of known volume was firstly introduced onto the submerged particle surface via a syringe needle. Image analysis was 
used to determine the bubble-particle contact angle and radial position of the three phase contact line under quiescent conditions. 
An oscillating grid device was then used to generate turbulent liquid motion around the particle-bubble aggregate. Particle image 
velocimetry (PIV) was used to quantify the instantaneous velocity field around the disturbed bubble. Laser induced-fluorescence 
(LIF) was applied to filter out the (green) internally reflected light from the bubble so that only the (orange) light from the 
fluorescing seeding particles was collected. The PIV-LIF images were then analysed by firstly utilising a masking technique to 
eliminate spurious velocity vectors inside the bubble. The velocity data in an envelope surrounding the bubble was extracted to 
calculate local, instantaneous values of liquid velocity, turbulent kinetic energy and energy dissipation rate. It was found that the 
flow structures generated by the oscillating grids resulted in a lateral inclination of the gas-liquid interface at the three phase 
contact line. The subsequent change in the dynamic contact angle resulted in a reduction in the capillary (attachment) force, and 
at a high enough turbulence level it became less than the buoyancy (lift-off) force and detachment of the bubble from the particle 
surface took place. The detachment events observed in this study is analogous to what actually takes place in mineral flotation 
cells where the bubble-particle aggregate is in motion.    
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1. Introduction  
Froth flotation is considered to be an important technique in mineral separation, which is characterized by three 
processes. They are collision, attachment and detachment. Increasing flotation rate by enhancing particle recovery 
and decreasing particle detachment is beneficial to flotation efficiency. Flotation rate is believed to be dependent on 
particle size. In the flotation process, flotation rate constant goes down monotonically when particle size exceeds a 
particular value (usually larger than 100 microns). The observed poor recovery of coarse particles by Gaudin [1] was 
blamed to lack of liberation and particle size. Due to great advantages of coarse particle flotation in energy saving 
during mineral liberation process, research attention is focused on the mechanism of poor recovery of coarse 
particles and extending maximum floatable particle size. Muganda [3] experimented the effect of contact angle of 
pure particles on flotation kinetics for different particle sizes. From these findings, Jameson [4] concluded that 
hydrodynamic conditions in the flotation cell were the reasons behind the decline in recovery of coarse particles. 
Schulze [5] considered the action of hydrodynamics on particle detachment from bubble in a way that eddy 
entrapped particle bubble aggregate inside and under centrifugal field particle can swing off the bubble. Centrifugal 
method was developed to study centrifugal force on particle detachment [6]. Frequency distribution of detachment 
probability was found to be a function of centrifugal acceleration and smaller particles required higher centrifugal 
acceleration to get detached. Thus, particle centrifugal movement on bubble surface in turbulent field was correlated 
to an eddy which is a function of local energy dissipation rate. Effect of energy input on flotation kinetics was 
experimented in an oscillating grid flotation cell where energy dissipation rate was relatively homogeneous [7, 8]. 
Increasing power intensity was found beneficial to recovery of fine particles, whereas, optimum power intensity was 
reached for coarse particles. This was explained by the prevalence of coarse particles detachment in high turbulence 
field. Influence of kinetic energy dissipation rate on particle detachment of different sizes was also experimented in 
an agitated vessel [9]. Detachment of particles increased with energy dissipation rate. Hydrodynamics in an agitated 
cell is very complex and heterogeneous, and the effect of such heterogeneity on the physics of particle bubble 
detachment in turbulent field is still not clear.  
Most of the previous works have focused on influence of energy input on particle bubble detachment. Centrifugal 
movement hypothesis for particle bubble detachment in turbulent field was used to correlate particle detachment 
with turbulent kinetic energy dissipation rate. There has been very little research into detailed mechanism of 
turbulence influence on particle detachment. No experimental evidence of particle detachment hypothesis based on 
centrifugal force has been reported. In light of this knowledge gap, present study was focused on exploring particle 
bubble detachment process for a single particle bubble aggregate subjected to relatively isotropic and homogeneous 
turbulence. To characterize the influence of hydrodynamics on particle bubble detachment, a PIV/LIF measurement 
system was employed. An oscillating turbulence generator described by Doorodchi [10] was employed to supply a 
stationary near isotropic turbulence field. A bubble attached to stationary steel particle, positioned in the region 
between two grids was used to mimic the particle-bubble aggregate while reducing the complexity of aggregate 
movement in turbulent flow field. PIV/LIF was applied to measure instantaneous velocity field around the particle 
bubble aggregate. Specifucally, the aims of this study were: 
x To study particle bubble detachment process in turbulent field. 
x To characterize turbulence field around particle bubble aggregate 
x To analyze influence of hydrodynamics on particle bubble detachment by means of flow structure visualization.  
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2. Experimental setup and measurement techniques 
2.1. Oscillating grid turbulence generator 
A schematic view of the turbulence generator is shown in Fig. 1. The device consisted of a rectangular Perspex 
tank with a pair of vertically orientated grids moving horizontally in and out together. The two grids were connected 
via connecting rods and linear bearings to variable speed stepper motors which mounted on separate benches to 
avoid any vibrations being transmitted to the water inside the tank. Each stepper motor was fitted with an eccentric 
cam which allowed variation of both the stroke amplitude and mean separation distance between the two grids. 
Advantage of utilizing stepper motor is that two grids can be synchronized moving inwards and outwards 
simultaneously just by setting the initial position of grids. In this study, the stroke length was fixed at 50mm while 
the mean separation distance between the grids was set at 70mm. A stationary and nearly isotropic homogeneous 
turbulent flow field was generated in the region between the two grids. The effect of perturbation from such well 
characterized turbulence on particle bubble detachment was observed in the present work.   
 
 
Fig. 1 Oscillating grid turbulence generator 
2.2. Bubble generator 
A syringe was inserted from the bottom of the tank and a bent needle was arranged on the top of the syringe. A 
steel ball with diameter of 3 mm was tightly fitted on needle tip. The capillary system was used to generate a bubble 
on the particle with syringe pump. As the bubble grew larger than a critical size where buoyancy force was larger 
than capillary force, bubble would slide to the top of the ball. Bubbles generated using this method had reproducible 
diameter around 2.5mm. A distinct advantage of this bubble generator is that a bubble at the top of sphere is sealed, 
ensuring the bubble volume does not change by exchange of gas with capillary tube. The bubble was tethered to the 
particle, forming a particle bubble aggregate considered to study the bubble detachment process in the turbulent 
field.   
2.3. Instantaneous velocity measurement using PIV 
Instantaneous velocity was measured in the x-y plane around the bubble were performed using a particle image 
velocimetry (PIV) with laser induced fluorescence (LIF) as shown in Fig. 2. The system comprised: (1) Litron LDY 
300 laser capable of generating 30 mJ/pulse energy with 532 nm wavelength at 1000Hz (2) Optics used to produce 
2-D light sheet out of laser beam (3) Dantec SpeedSense camera with 1600u1600 pixels and 8-bit resolution. The 
camera,laser and image capture software were synchronized through a BNC synchronizer.  
The reflection of laser light from bubble surface results in high intensity flaring. As the size of bubbles in present 
work is 3 orders of magnitude larger than that of the PIV seeding particles; proportionally, the intensity of laser light 
scattered by bubble is also orders of magnitudes higher than the seeding particles. The reflection from bubble 
surface must be blocked to protect the camera sensor in order to achieve good contrast of seeding particle image. 
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The separation of the light reflected by bubble and seeding particles can be achieved using fluorescent tracer 
particles. Fluorescent tracer particles emit light at a wavelength of 555-585nm with emission peak at 566 under laser 
activation. An optical long wave pass filter with a transmission edge at 570nm±5nm was fitted on camera to block 
green laser light. The laser intensity was adjusted to allow appropriate intensity of leakage light from the filter 
reflected from the bubble, while ensuring that fluorescent tracer particles were recorded by the camera as a sharp 
image. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 A schematic representation of PIV system 
3. Data processing 
3.1 Image processing  
Processing of the images prior to obtaining the liquid velocity vectors involved defining the bubble-particle 
aggregate boundary. The bubble-particle aggregate boundary was then used as a mask to get rid of the spurious 
vectors inside the bubble. The filter allowed just enough of the reflected light from the bubble surface so that its 
profile could be determined rom raw PIV image.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Image processing 
An image processing program, written in MATLAB R2011a, was used to perform this operation. A sequence of 
image processing filters was applied to mark the boundary of the bubble. Firstly, the raw PIV image is considered. 
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The light intensity of the fluorescing particle was always greater than that of the bubble. On a light intensity scale of 
0-255 the particle intensity is usually higher than 120; whilst the intensity of visible bubble-particle aggregate 
boundary is at around 70 and in the same range as the intensity fluctuations from the background. A filter was 
applied to remove light intensities higher than a threshold value, leaving only the background noise and bubble-
particle aggregate boundary. A median filter was applied to remove the background noise. Finally, bubble was filled 
with ‘imfill’ function in MATLAB to produce the bubble-particle aggregate boundary. The generated mask was then 
used to remove the spurious vectors inside the particle bubble aggregate. 
Fig. 3 shows the result of image processing. More seeding particles appear at bubble periphery than bulk liquid in 
the raw PIV image, as the fluorescent particles are hydrophobic and have higher tendency of attachment to the 
bubble. Image processing technique treated the fluorescent particles in the close vicinity of the bubble as a part of 
the bubble particle aggregate, making bubble shape spiky. Then, the mask was superimposed with the vector field 
extract the liquid velocity field surrounding the bubble during detachment. Camera sensor size was 1600u1600 
pixels, while physical region of image capture was 50u50 mm. Cross correlation was used to calculate velocity 
vectors from movement of particles in raw PIV images. PIV interrogation area was set at 32 pixels with 50 percent 
overlap giving 99u99 vectors. The resolution of vectors is 0.5 mm. Note that the image resolution is 0.03 mm/pixel, 
while vector resolution is 0.5 mm/(vector) pixel. The mask generated from image of bubble-particle aggregate was 
used to remove the spurious velocity vectors inside the bubble-particle aggregate. Two snapshots of mask generated 
from image processing are shown in Fig. 3. Mask contour was interpolated over vector region, with approximately 5 
vectors over a length equivalent to a bubble diameter. 
4. Results and discussion  
 
Fig. 4 Bubble detachment process 
Fast video camera was used to capture the dynamic process of bubble detachment. Fig. 4 shows bubble particle 
aggregate detachment process. Bubble detachment process can be described by following sequence: bubble 
elongation; three phase contact line contraction; neck formation and detachment. Capillary force is the principal 
force on bubble which decides stability of Particle bubble aggregate. Capillary force is proportional to the length of 
three phase contact line and contact angle. In the image sequence of Fig. 4, bubble was stably attached to the particle 
initially. Bubble was elongated under the influence of liquid motion. Once the apparent contact angle reached 
advancing contact angle, three phase contact line began to contract until a neck was formed between bubble and the 
particle. At this stage, the capillary force was just smaller than buoyancy force due to small contact area, and the 
bubble detached.  
In above description the fluid motion was described qualitatively. To study the influence of turbulent fluid 
motion on particle bubble detachment, instantaneous velocity of liquid was measured using high speed PIV around 
the detaching bubble. Bubble particle mask was mapped onto vector field to isolate the particle image corresponding 
to liquid phase. Fig. 5 shows two snapshots of instantaneous velocity field around the bubble particle aggregate for 
the case of no detachment and detachment, respectively. At same operating conditions, velocity field varies with 
time around the bubble particle aggregate. Fig. 5 also shows velocity contour where two vectors below the bubble is 
included, which accounts for 1 mm. The magnitude of velocity (u and v components) close to the bubble surface is 
lower in case of no detachment compared to detaching bubble. Fig. 5 shows liquid velocity pushing bubble 
downwards, liquid on the right side of detaching bubble pushing it to the left, whilst liquid on the left side pushing 
bubble to the right. The bubble detached under such squeezing effect of liquid motion. Bubble detachment occurs 
when liquid velocity is high near the bubble surface. Detachment was not observed to be instantaneous. 
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Fig. 5 Velocity around bubble 
In order to quantitatively compare the influence of liquid motion on bubble detachment, liquid kinetic energy in 
the vicinity of the bubble was calculated for the cases of no detachment and detachment individually. Kinetic energy 
per mass of the liquid motion is calculated in Eq. (1). 2D velocity field from PIV measurement is used to get 
instantaneous velocity in horizontal and vertical directions to calculate kinetic energy. In the oscillating grid tank, 
there is no net flow if liquid; hence instantaneous velocity represents the fluctuating velocity. Thus, kinetic energy 
calculated using instantaneous liquid velocity is equal to the turbulent kinetic energy. It represents strength of 
turbulence in the flow.   
 2 212k u v     (1) 
 
Fig. 6 Liquid kinetic energy in the vicinity of the aggregate 
Fig. 6 shows the contour of liquid kinetic energy around the bubble. As mentioned in image processing section (§ 
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3.1), resolution of the mask decreased while interpolating the pixel field unto vector field. Thus, the bubble particle 
aggregate contour is not in good shape as is shown in Fig. 5, whereby particle bubble aggregate image is 
superimposed with vector field. When liquid kinetic energy is low around the bubble, bubble axis is nearly vertical. 
When liquid kinetic energy is high bubble axis is tilted and bubble detached eventually. The liquid kinetic energy 
was low in close vicinity of bubble-particle aggregate due to damping effect.  
Fig. 7 compares the maximum kinetic energy in the vicinity of the bubble particle aggregate for cases of 
detachment and no detachment as a function of envelope radius around the aggregate. The envelope radius is 
defined as the length of the expanded region around the bubble as is shown in Fig. 6. In the close vicinity of the 
aggregate (small envelope radius), kinetic energy is low for both cases as the liquid motion is damped by the 
existence of the aggregate. For higher envelope radius, maximum kinetic energy for the detachment case was higher 
compared to the no detachment case. Small magnitude of turbulent kinetic energy implies smaller perturbation of 
bubble from fluid force, and bubble stays attached to the particle. The maximum kinetic energy around the 
detaching bubble reached as high as 1x10-2 m2/s2 at the envelope radius of 3 mm, which is comparable to the bubble 
size. For reference, time averaged kinetic energy over 1024 image series of the region of interest is plotted in Fig. 7 
as solid black line. The difference between instantaneous liquid kinetic energy and time averaged kinetic energy is 
higher for detach case than no detach case. Such difference is small for both cases of detachment and no detachment 
in the close vicinity of the bubble (small envelope radius). Reasonably, liquid motion was damped by the existence 
of the bubble. Liquid kinetic energy was supplied to bubble causing the surface deformation eventually leading to 
bubble detachment. From the results in Fig. 7, the bubble detachment is proved to be dependent on local 
instantaneous velocity field. The particle bubble aggregate experiences different levels of turbulence intensity in the 
oscillating grid tank instantaneously, whilst the time averaged liquid kinetic energy is homogeneous in space and the 
turbulence is isotropic. Although the value of local turbulent kinetic energy was qualitatively demonstrated to 
correlate with it’s the bubble detachment, estimation of energy attributed to bubble detachment and the way kinetic 
energy was transferred from liquid to bubble remained unknown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Maximum kinetic energy in the vicinity of particle bubble aggregate 
Schulze [5] described detachment in terms of centrifugal force (turbulent eddy acceleration). Turbulent eddy 
acceleration is difficult to determine experimentally, hence energy dissipation rate is utilized to calculating 
centrifugal force. The specific energy dissipation rate term was calculated from velocity gradients using velocity 
data of PIV. Energy dissipation rate can be calculated using four components of velocity gradient tensor as: 
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where X is the liquid kinematic viscosity. Fig. 8 plots energy dissipation rate around the bubble for two cases of no 
detachment and detachment. The energy dissipation rate is smaller when bubble is not detaching compared to the 
case when bubble is detaching. Especially in the vicinity of the bubble, energy dissipation rate is high when bubble 
is detaching as liquid velocity is damped by the existence of the bubble.  
Force balance on the detaching bubble was carried out to explore the energy dissipation rate required to detach 
the bubble. In the quiescent liquid, forces acting on the bubble are gravity, buoyancy, pressure and capillary force. 
Influence from liquid motion is interpreted as centrifugal force corresponding to energy dissipation rate. Centrifugal 
force is considered to push the bubble upwards in the same direction with buoyancy force. Centrifugal acceleration 
is calculated using Eq. (3). When detaching force is higher than attaching force, bubble is to be detached. The 
critical energy dissipation required to detach the bubble was calculated to be 0.065 m2/s3.  
2/3 1/31.9 /m Bb dH    (3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Liquid kinetic energy dissipation rate in the vicinity of the aggregate 
Fig. 9 compares the maximum kinetic energy dissipation rate in the vicinity of the bubble particle aggregate for 
cases of detachment and no detachment as a function of envelope radius. The energy dissipation rate in the envelope 
considered (the expanded region around the bubble) is shown in Fig. 8. In Fig. 9, maximum energy dissipation rate 
observed in the envelope of given radius has been plotted. Time averaged kinetic energy dissipation rate over 1024 
image series of the region of interest is plotted in Fig. 9 as solid black line.  
When bubble is detaching, liquid kinetic energy dissipation rate is higher than no detach case. In no detach case 
maximum energy dissipation rate is close to the mean energy dissipation rate; and well below the critical required 
energy dissipation rate, 0.065 m2/s3. Thus, bubble remains attached. In contrast, when bubble is detaching, energy 
dissipation rate around the bubble is high. This increase was attributed to strong liquid motion. Fig. 9 shows the 
maximum energy dissipation rate around the detaching bubble reaches as high as 0.08 m2/s3. This value is higher 
than the critical required energy dissipation rate, 0.065 m2/s3. The local, instantaneous energy dissipation rate being 
higher than the critical value predicted from Schulze[5] theory was considered to be the reason of bubble 
detachment.  
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Fig. 9 Maximum kinetic energy dissipation rate in the vicinity of particle bubble aggregate 
5. Conclusion  
Single particle bubble aggregate detachment in turbulent field generated by oscillating grid has been described. 
Particle bubble detachment process is characterized by: bubble elongation, three phase contract, neck formation and 
detachment. Turbulence influence on particle bubble detachment has been explored. Using PIV with LIF technique, 
we were able to capture instantaneous, 2D velocity field in the region around particle bubble aggregate in the 
process of bubble detachment from a steel ball. Using image processing Techniques, we were able to mask the 
region of image corresponding to the bubble particle aggregate and isolate liquid phase velocity field. Kinetic 
energy around the aggregate was calculated. Averaged kinetic energy proved to be higher for the case detachment 
occurred. In order to probe the bubble detachment process deeper, the local, instantaneous liquid velocity, turbulent 
kinetic energy and turbulent energy dissipation rate were calculated for different radii of envelope surrounding the 
bubble from instantaneous PIV data. The liquid velocity, turbulent kinetic energy and energy dissipation rate were 
observed in the envelope close to bubble surface were observed to be higher than local, time averaged valued of 
respective parameters. The local maximum energy dissipation rate for the case of bubble detachment was 
significantly higher than the no detachment case, and was also higher than the critical value for bubble detachment 
calculated using Schulze [5] theory.  
The flow information obtained from these measurements shed light on particle detachment in the turbulent flow 
field and testified the universal hypothesis that particle bubble aggregate breakage was due to the destruction caused 
by surrounding eddies. 
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